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We have measured the time response of photoluminescence intensity in poly~di-n-hexylsilane! films at 2 K
with excitation densities from 1.231017 to 1.131019 excitons cm23. At the highest density, the photolumines-
cence has a rise time of 1.4 ps, which is ascribed to the exciton-exciton scattering time between initially
photogenerated excitons. The inverse of rise times are sublinear to the excitation densities. The decay profiles
are explained by the exciton-exciton annihilation with a rate constant of (1.060.5)31028 cm3 s21. These
processes are discussed in terms of exciton wave functions obtained by the one-dimensional Frenkel exciton
model with disorder. We propose directional relaxation of excitons toward interacting points between different
polymer chains as a mechanism for the efficient exciton-exciton annihilation.


















































Coherence length limited by Anderson localization1 and
strong Coulomb interaction manifested by the large exci
binding energy2 are the key factors for understanding t
photoexcited state dynamics in conjugated polymers, wh
are test benches for quasi-one-dimensional dynamics.
strong Coulomb interaction may enhance, but localizat
may hinder exciton-exciton (x-x) scattering at high exciton
density. In spite of these interests, only a few experiment3–5
for investigatingx-x scattering in conjugated polymers ha
been performed up to now, because, in many conjuga
polymers, excitons are trapped by self-induced latt
deformation6 which hinders exciton propagation andx-x
scattering.
Among many polymers, poly~di-n-hexylsilane! ~PDHS! is
a suitable material for investigatingx-x scattering. Since
s-bonding electrons are delocalized along polymer cha
PDHS is sometimes referred as as-conjugated polymer, in
analogy withp-conjugated polymers. The lowest exciton
related to thes-s* transition.7 Although the Frenkel exciton
model can also explain the nonlinear spectroscopies,8 the in-
termediate exciton model9 between the Frenkel exciton an
the Wannier exciton seems to be an advanced model to
with the internal structure of excitons.2 The exciton Bohr
radius is estimated to be'0.2 nm. As for dynamical as
pects, excitons can propagate along linear chains without
ing self-trapped, because exciton-phonon coupling is exc
tionally small.10 Thus,x-x scattering is possible if exciton
are densely generated. Under low exciton density, phot
minescence~PL! depolarization measurements11–13 revealed
that the near-ultraviolet PL is intrinsic PL by exciton recom
bination. The high PL quantum efficiency near unity14 allows
us to investigate exciton dynamics by PL spectroscopies.
previous paper15,16 reported that rise and decay times of P













that exciton dynamics at low exciton density is governed
the competing processes of radiative decay and phonon
tering between exciton states which are localized due to
conformal disorder of polymer chains. In order to deal w
spatial coherence of excitons easily and describe this exc
dynamics quantitatively, we proposed the one-dimensio
Frenkel exciton model with disorder~1DFEMD!,15 and suc-
cessfully reproduced the energy dependence of rise and
cay times of PL. This model provides exciton wave functio
in disordered linear chains, which are essential for und
standing the exciton dynamics at low exciton density, as w
as at high exciton density.
In conjugated polymers and molecular crystals, in wh
excitons are treated as very small radius Wannier exciton
Frenkel excitons, no experimental report ofx-x scattering
except thex-x annihilation has been reported up to now,
our knowledge. Although elementally processes have
been fully clarified yet experimentally,17–20 it seems to be
established that thex-x annihilation is one of the varieties o
x-x scattering, in which one exciton decays nonradiativ
and the other is scattered to a state at the sum energy of
excitons before scattering, as a result. The absence of re
of the x-x scattering in conjugated polymers and molecu
crystals is in very high contrast to inorganic semiconducto
In inorganic semiconductors,x-x scattering has been ob
served, for example, as exciton redistribution within excit
bands,21 as the shift of the exciton resonance,22 and as the
luminescence by subsequent radiative decay.23
In PDHS, thex-x annihilation was first suggested by th
photoconductivity experiment at room temperature by K
pler and Soos.3 They concluded that thex-x annihilation oc-
curs with a rate constant of 231027 cm3 s21, in which
charge carriers are generated with a quantum efficiency
1023. The decrease of PL efficiency was also observed. T
have analyzed their result assuming the high-diffusion lim








































































MAKOTO SHIMIZU et al. PHYSICAL REVIEW B 64 115417polyphenylenevinylene derivatives~PPV’s!4,5 revealed that,
against past studies,24,25 the low-diffusion limit approxima-
tion is appropriate. To clarify the suitable approximatio
femtosecond time resolved study is necessary, but has no
been performed. The time resolved study is also impor
for investigating elementally processes of exciton relaxat
governed by thex-x interaction under high exciton density
In this paper, we report the measurement of the femtos
ond time response of PL intensity in PDHS films at 2 K with
high exciton density between 1017 and 1019 cm23. At the
highest density, the PL rise time is 1.4 ps, which is ascrib
to the scattering time between initially photogenerated e
tons. This result is the first observation of anx-x scattering
time in conjugated polymers, to our knowledge. PL dec
profiles are consistent with thex-x annihilation, and the rate
constant for the annihilation is unexpectedly large for a d
ordered system at low temperature. Based on the 1DFE
we explain thex-x scattering time and discuss a mechani
for the efficientx-x annihilation by means of exciton wav
functions which depend on energy.
II. EXPERIMENT
PDHS was synthesized by the Wurtz reaction of dichlo
di-n-hexylsilane. The average molecular weight (Mw) was
236 000, which corresponds to the polymerization of 11
di-n-hexylsilane~DHS! units, and the distribution (Mw /Mn)
was 1.30. PDHS films were prepared by spin-coating
quartz plates. The thickness of the films is estimated to
0.25 mm from the optical density. For measurements,
PDHS films were directly immersed in superfluid helium a
K in the cryostat.
In order to measure the PL time response with femtos
ond resolution, the up-conversion technique was used.
detail of the dye-laser based femtosecond light source is
scribed elsewhere.26 The output pulse had a photon energy
2.0 eV, a repetition rate of 1 kHz, an intensity of 30mJ per
pulse, a full-width-at-half-maximum~FWHM! of less than
500 fs, and a Gaussian transverse distribution of inten
The frequency doubled light of 4.0 eV, which passes throu
a variable delay line, is used for exciting the samples. The
conversion was performed between the PL of the sam
taken in the forward-scattering geometry, and the fundam
tal beam of 2.0 eV. The time resolution was less than 500
which was confirmed by the PL intensity rise of a d
~BiBuQ! solution at room temperature. In order to estima
the average excitation densityI inc correctly, the sample wa
placed apart from the focal plane and the density was g
metrically calculated using the Gaussian beam radius be
focusing. I inc was varied from 8.3 10
12 to 7.531014 pho-
tons cm22 pulse21. Below this density, time response wa
not obtained due to experimental difficulty to improve sign
to noise (S/N) ratio in our system. FromI inc , the exciton
densitiesn0 were estimated assuming uniform excitati
with depth, because the optical density~0.2 at 4.0 eV! was
small.
Complementally, the measurements of time integrated
spectra and quantum efficiency for PL were performed. T
































efficiency as a function of excitation density was numerica
obtained by spectrally integrating the time integrated spe
for various excitation densities.
III. RESULTS
Figure 1 shows absorption and PL spectra of PDHS fil
drawn by solid and dashed lines, respectively. The excita
photon energy, which corresponds to the high energy tai
the exciton absorption band, is shown by a vertical arrow.
is observed on the absorption edge region between 3.2 to
eV, and its spectrum is magnified in the inset. It is found t
the PL spectral profile is independent of the excitation d
sity below 231015 photons cm22. The main peak at 3.37 eV
and two side bands at 3.34 and 3.29 eV are observed. S
these spectral features are the same as those at the lim
low excitation density,15 we conclude that the origin for the
PL at high excitation densites, as well as at the low excitat
density, is the exciton states localized by conformal disor
of polymer chains. In other spectral regions between 1.2
6 eV, no other PL band is observed.
Figure 2 shows time responses of PL intensity for
input fluences. The responses are the spectrally integrate
intensity between 3.34 and 3.39 eV, as marked with vert
bars in the inset of Fig. 1. Dots show the experimental
sults, and the dotted line with~a! is the time response of th
excitation pulse measured by the autocorrelation meth
Thin solid lines with~a!-~e! show theoretical results by th
rate equation described below. The initial densitiesn0 of
photogenerated excitons are estimated to be 11~a!, 6.2 ~b!,
3.1 ~c!, 1.1 ~d!, 0.38~e!, and 0.12~f! 31018 excitons cm23.
The rise times of PL intensity are clearly observed within o
time resolution of 500 fs. For lower excitation densities fro
~a! to ~e!, the rise times become very gradually large and
decay speed is slowered. In~f!, the intensity increases agai
after 15 ps. It seems that the component by the low den
excitation, whose rise time is known to be 70 ps,15 overlaps
with the component by the high density excitation, as sho
FIG. 1. Absorption spectrum and the PL spectrum of PD
films at 2 K under the excitation densities below 231015 photons
cm22. Excitation photon energy is shown by the vertical arrow. T
PL spectrum is magnified in the inset. Two vertical bars in the in

























EXCITON–EXCITON SCATTERING IN DISORDERED . . . PHYSICAL REVIEW B64 115417by two dashed lines~guides to eyes!. This result is attributed
to the spatial inhomogeneity of the excitation laser spot
the existence of a threshold for the short PL rise times
described below.
To estimate the approximate rise times, we tentativ
FIG. 2. Time response of PL intensity in PDHS films with e
citation densities of~a! 7.5, ~b! 4.2, ~c! 2.1, ~d! 0.75, ~e! 0.26, and
~f! 0.08331014 photons cm22. The dotted line with~a! shows the
auto-correlation trace of the fundamental light pulse. Solid lin
with ~a!–~e! are the fitting curves using Eq.~5!. Two dashed lines




used the formula ofI (t)}2exp(2t/trise)1exp(2t/tdecay) in
the range of 20 ps. For fitting the formula to the experimen
data, the deconvolution technique was used with the exc
tion pulse trace. All the estimated rise and decay times,
cluding the result at an exciton density lower than 9
31013 cm23,15 are listed in Table I. At the highest initia
exciton density of 1.131019 cm23, the rise time and the
decay time are 1.460.5 and 1363 ps, respectively, which
are fifty and twenty times faster than those in the low dens
limit. At initial densities between 3.831017 and 6.231018
cm23, the rise times are slightly larger for lower initial den
sities. The inverse of the rise times are sublinear to the in
densities. At the density of 1.231017 cm23, the rise time of
the fast component is roughly estimated to be about 5
although the precise fitting can not be completed due to
S/N ratio.
Figure 3 shows the quantum efficiency for PL as a fun
tion of excitation intensity. Filled circles are the experimen
data. The solid line shows the calculated efficiency by
rate equation, as described below. Decrease of the efficie
remarkably occurs at more than 131017 excitons cm23,




FIG. 3. Quantum efficiency for PL in PDHS films as a functio
of excitation intensity. The solid line shows the numerical res
obtained by Eq. ~3! with g153.3310
9 s21 and g251
31028 cm3 s21.areTABLE I. Rise times, decay times, and rate constants forx-x annihilation for various excitation intensities. Rise and decay times
approximately estimated from the data in the range less than 20 ps. Thex-x annihilation rate constants are estimated by Eq.~5!. The values
for the lowest density are obtained from Ref. 15.~a!–~f! indicate the time responses in Fig. 2.
I inc (photons cm
22) (a)7.531014 (b)4.231014 (c)2.131014 (d)7.531013 (e)2.631013 (f )8.331012 15<2.43109
n0 (cm
23) 1.131019 6.231018 3.131018 1.131018 3.831017 1.231017 <9.431013
t rise ~ps! 1.4 (60.5) 2.6 2.2 2.2 2.3 '5 70
tdecay~ps! 13 (63) 18 21 27 82 300
g2 (10



























































































MAKOTO SHIMIZU et al. PHYSICAL REVIEW B 64 115417IV. DISCUSSION
To discuss these phenomena, understanding of the
dimensional exciton band affected by disorder is a prere
site. According to the numerical result for PDHS films27 by
1DFEMD, the exciton band has a bandwidth of 4.2 eV. T
density of states has peaks at the band edges of 3.4 an
eV, although peaks are broadened due to disorder. Midb
states are hardly affected by disorder, whilst edge states
localized by disorder. The mean coherence length is a fu
tion of energy, i.e., the lower states has a smaller cohere
length in the lower part of the exciton band. Since the F
rier component ofk50 which is necessary to interact wit
photons is distributed among the lowest edge states, op
absorption and PL occur by a number of states around
lowest edge of the exciton band.
Based on these features of exciton states in PDHS,
observed ultrafast time response is explained with the en
level scheme shown in Fig. 4. The level G expresses
ground state. Each level of A–D represents a group of e
ton states which are picked up from the continuous distri
tion of exciton states. The level A represents the exciton b
edge states from 3.3 to 3.4 eV which are the initial states
PL not only at the low exciton density but also at the hi
exciton density. The level B expresses the exciton states
eV which are primary photoexcited. Levels C and D rep
sent the exciton states from 4.6 to 4.7 eV and from 6.6 to
eV, respectively. The exciton coherence length limited
disorder is 20 to 30 di-n-hexylsilane~DHS! units for the
level A, and more than 250 DHS units for the levels B,
and D.
In the first process of the exciton dynamics, many ex
tons are generated in the level B by the excitation laser p
@Fig. 4~1!#. In the second process, the excitons at the leve
causex-x scattering among themselves, in which one exci
is scattered to the level A, whilst the other exciton is sc
tered to the level C@Fig. 4~2!#. In this scattering, not only
levels A and C but also other states which distribute conti
ously within the exciton band are also possible candidates
the final state. However, one of two excitons is scatte
preferably to the level A, because the level A lies at the p
of the density of states, as shown below. Accordingly,
diminished energy of the exciton scattered to the level A
transferred to the other exciton scattered to the level C.
third process is governed by the competition between ra
FIG. 4. Schematic drawing of the exciton dynamics under
high density excitation. The levels G, A, B, C, and D indicate t
ground state and the exciton states at 3.3–3.4, 4.0, 4.6–4.7,
6.6–6.8 eV, respectively. Solid and dashed arrows representx-x





































tive decay andx-x annihilation at the level A@Fig. 4~3!#. In
this x-x annihilation, now one is scattered to the level G a
the other to the level D. Meanwhile, excitons scattered to
level C will relax by a few times of phonon scattering to th
level A, and participate in the competing processes of rad
tive decay andx-x annihilation. This relaxation proces
might be observed as a second rise of PL intensity, but
not been observed in the experiment. This result is proba
because the relaxation times by phonon scattering have
a large distribution that the rise of PL intensity is not r
solved in the experiment. Levels C and D may not be exci
~bound electron-hole pair! states but may be charge carri
~free electron-hole pair! states, considering that the band g
energy is estimated to be about 4.5 eV.2,3 In any case, how-
ever, most of the excitons which are once scattered to le
C or D continue to be excitons, even if excitons are tra
siently resolved into charge carriers, because the efficie
for charge carrier generation inx-x annihilation is actually
negligible.3 These excitons will subsequently relax to th
level A by some times of phonon scattering and will take p
in the competing processes of radiative decay andx-x anni-
hilation.
Before confining ourselves to the above scheme, we h
to examine two likely reasons for the small rise times o
served. The first reason is thex-x scattering as describe
above because the small rise time is only observed at h
excitation densities. Due to the high density excitation, ex
tons are directly scattered to the luminescent states byx-x
scattering. In this case, thex-x scattering time corresponds t
the rise time of luminescence. The second reason is the
hancement of phonon scattering rate due to temperature
Under the low density excitation at 2 K, PL has a rise time
70 ps~Ref. 15! which corresponds to a few times of phono
scattering. However, phonon scattering rate increases if
tice temperature is raised by high density excitation. It
possible that the temperature is raised due to phonon e
sion of excitons in the relaxation processes from the level
and D to the level A, according to the number of excitons.
examine this effect, we investigated the temperature dep
dence of PL spectra at low exciton density.28 It is found that
the PL line shape does not change below 50 K and that
phonon scattering rate manifested by the rise time is in
pendent of temperature below 80 K. In comparison, the p
non scattering rate is more sensitive to temperature than
PL spectrum. Since the PL spectral profile, as shown in F
1, are independent of excitation intensity, the small rise tim
are not accounted for by temperature elevation. Theref
we conclude that the small rise times correspond to the s
tering times between the initially photogenerated excitons
the level B.
This x-x scattering is closely related to the coheren
length of the level B. Considering that an energy of 0.6 eV
t ansferred between two excitons in thisx-x scattering, the
scattering should occur when two excitons come to v
close distance, i.e., comparable to the nearest neigh
distance.29 Therefore, for thex-x scattering, overlap is nec
essary between two exciton states in which two excitons
photogenerated.






































































EXCITON–EXCITON SCATTERING IN DISORDERED . . . PHYSICAL REVIEW B64 115417in films, the number of DHS units per exciton is approx
mately 300 at a density of 1.131019 excitons cm23. This
number is slightly larger than, but is comparable with t
mean coherence length~250 DHS units! of the level B esti-
mated by the 1DFEMD. As assumed in the 1DFEMD, if w
assume the nearest-neighbor intersite exciton transfer en
to be 1.2 eV~Refs. 10,15! which corresponds to a transfe
ring time of 3.5 fs, it takes about 1 ps for an exciton
propagate through 300 DHS units. This estimate is in go
agreement with the observed rise time of 1.4 ps. If the le
A is directly excited, such rapid scattering will not occu
excitons in the level A do not come across each other wit
their coherence lengths because their coherence length
as small as 20–30 DHS units.
The finiteness of exciton coherence length explains
weak dependence of the PL rise times observed in the ra
between 1.131019 and 1.231017 excitons cm23, as shown in
Table I. ‘‘A local fragment’’ is defined as a fragment of poly
mer chains connected by coherence lengths of occupying
citons. In the case of one exciton in a local fragment, nox-x
scattering will occur. In the case of two or more excitons
a local fragment, thex-x scattering will occur with the rate
proportional to the number of excitons. Therefore, th
should be a threshold excitonnumberfor x-x scattering and
the scattering rate should be linear to the exciton num
above the threshold. However, because of the two rea
that exciton coherence lengths have a distribution around
mean value and that the excitation beam spot on the sam
has a spatial distribution of intensity, the number of excito
in a local fragment of polymer chains have a large distrib
tion. As a result, the threshold for observing the very sh
rise time is not abrupt and themean x-x scattering rate be
comes gradually proportional to the excitondensityabove
the threshold. This explains the sublinear dependence o
inverse of the rise times to the initial exciton density in t
range between 1.131019 and 1.231017 excitons cm23. At
more than 1.131019 excitons cm23, the inverse of the rise
times is expected to become proportional to the exciton d
sity if the sample is endurable against such intense exc
tion. At 1.231017 excitons cm23, a fast and a slow compo
nents of PL overlap as shown in Fig. 1~f!. These fast and
slow components correspond to rise times due to local f
tions with two excitons and local fractions with one excito
respectively.
In order to analyze the PL time decay and the PL quan
efficiency as the competing processes of radiative decay
x-x annihilation, we consider rate equations. We note that
PL rise time caused by thex-x scattering in the level B is no
accounted for, in the following analysis. LetnA and nupper
denote the exciton density in the level A and the exci
density in upper levels which include all other exciton sta
than what are included in the level A, respectively. Then,






































whereg3 represents a exciton relaxation rate from the up
levels to the level A by phonon scattering. Threex-x annihi-
lation rate constantsg2,A2A , g2,A-upper, andg2,upper-upperare
classified by the initial states of the events. The monom
lecular decay rate defined as the inverse of the exciton
time at the low density limit is expressed asg1.
It is likely that the threex-x annihilation rate constant
strongly depend on the characteristics of the level A and
upper levels. It is considered that several factors affect
rate constant as follows. At the upper level, the large coh
nce length is advantageous for two excitons to come ac
each other. At the level A, exciton confinement within
small coherence length allows excitons to interact with ot
excitons repeatedly many times, when there are, by cha
other excitons nearby. As proposed below, a dynam
mechanism for enhancingx-x annihilation is expected for the
level A due to interchain exciton transfer. In the case that o
of two excitons is in the level A and the other in the upp
level, the cross section between two excitons may be sm
because two excitons consist of different Fourier~k! compo-
nents. However, since the quantitative estimate of these
fects is quite difficult, we assume the three annihilation r
constants to be the same value ofg2. Moreover, in order to
avoid the practical difficulty to solve the twofold rate equ
tion, we postulate that the density in the upper levels is
smaller than the density at the level A, i.e., the total exci
densityn is approximately equal to the exciton densitynA at
the level A. This approximation is justified under the a
sumption that the dwelling time of excitons in the level
would be much longer than in the upper levels. Then, the





This rate equation is exactly what has ever been used
analyzing thex-x annihilation in conjugated polymers an
molecular crystals.3–5,24,25,31–34The x-x annihilation rate
constant is expressed as
g254pDR0S 11 R0ApDt D , ~4!
whereD and R0 represent the exciton diffusion coefficien
and the distance at which two excitons cause thex-x annihi-
lation.
The analytical solution is obtained if the high diffusio
limit ADt@R0 or the low diffusion limit ADt!R0 is as-
sumed. If we assume the high diffusion limit, as Kepler a
Soos,3 the annihilation constant equals 4pDR0, independent
of time. Then, the solution is given as

























































MAKOTO SHIMIZU et al. PHYSICAL REVIEW B 64 115417On the other hand, if we assume the low diffusion lim
which is recently found true for PPV,4,5 g2 is equal tob/At,
whereb represents 4ApDR0
2. g2 is time dependent. Then
the solution is given as
n~ t !5exp~2g1t !F 1n0 1 2bAg1E2`g1texp~2x2!dxG
21
. ~6!
Figure 5 shows fit by Eqs.~5! and~6! to the experimenta
result. The thin solid line is obtained by Eq.~5! with g2
58.131029 cm3 s21. The dotted and dashed lines a
drawn by Eq. ~6! with b55310214 and 1
310212 cm3 s21/2, respectively. Equation~5! agrees to the
experimental result very well. In contrast, it is impossible
fit by Eq. ~6!. Therefore, we conclude that the high diffusio
limit approximation is appropriate for PDHS films even
low temperature.
Assuming the high diffusion limit, fitting to the exper
mental results was performed takingg1 and g2 as fitting
parameters. The fitting curves are shown in Fig. 2 by t
solid lines. g2 is estimated to be (1.060.5)
31028 cm3 s21 as summarized in Table I. On the oth
hand,g1 ~not listed in Table I! could not be obtained with
sufficient accuracy. This is because our data is only in
range of 50 ps, in which the second term of the right side
Eq. ~3! is dominant and the first term is negligible. The val
of g1 can be estimated alone to be 3.310
9 s21, as the
inverse of the PL decay time at low exciton density.15 Adopt-
FIG. 5. Fit of two approximate solutions of the rate equation~3!
to the PL decay. The solid line shows the solution~5! under the high
diffusion limit approximation withg258.1310
29 cm3 s21. Dot-
ted and dashed lines show the solution~6! under the low diffusion
limit approximation withb55310214 and 1310212 cm3 s21/2,




ing theseg1 and g2, the quantum efficiency for PL is nu
merically calculated by Eq.~3! as a function of excitation
density, as shown in Fig. 3 by the solid line. Although t
numerical result seems to deviate slightly from the expe
mental result with the lower exciton density than 331017
cm23, the tendency of the experimental results are quite w
reproduced, as a whole. The deviation is probably due to
reasons. The one is errors in measuring excitation inten
and PL intensity as shown by error bars in Fig. 3. The ot
is thatg1 is simply postulated to be equivalent to the rad
tive decay rate. Possible presence of nonradiative de
channels, which may contribute tog1 is neglected. It is re-
ported that the absolute quantum efficiency under the limi
the low excitation intensity is 0.914 at 10 K.
The appropriateness of the high diffusion limit is in co
trast to other conjugated polymers, such as PPV’s~Refs. 4,5!
for which the low diffusion limit was found to be appropr
ate. This difference is qualitatively explained by the excito
phonon coupling which hinders excitons from propagat
along polymer chains. Huang-Lee factors, i.e., ratios
tween zero and one-phonon transition lines, for PPV’s a
PDHS are about 24 and less than 0.0210, respectively. It is
plausible that the excitons are polaronic in PPV’s but
nearly free in PDHS.
From obtainedg2, the diffusion constantD is estimated to
be g2 /4pR051310
22 cm2 s21, assuming that the colli-
sion distanceR0 equals to twice the exciton radius.
2 This
estimated value is more than one order of magnitude la
than the room temperature values for well-known molecu
crystals such as anthracene,32 and is unexpectedly large fo
the disordered linear chains at 2 K. At high temperatu
excitons are diffusive because thermal energy activates e
tons trapped in some local potential minima. However,
low temperature, one expects that excitons are immobile
become immobile as excitons relax to more strongly loc
ized states, because exciton states at the level A are loca
by the conformal disorder of polymer chains. In contrast
this expectation, thex-x annihilation rate constant is hug
and is independent of time in PDHS films at 2 K.
We propose that this largeg2 is explained by directiona
relaxation, i.e., exciton funneling, which occurs due to t
interchain exciton transfer. In real films, polymer chains a
entangled with each other in complex ways. Considering
length of side-chains, it is possible that silicon backbon
come as close as 0.7 nm.30 Although various kinds of mor-
phology may exist in real polymer films, we would demo
strate our idea in a simplest way by calculating wave fu
tions for a couple of interacting chains as a first step, beca
it is practically impossible to take all the polymer chains in
account. Suppose two polymer chains crossing with a
tance of x and an angle ofu. Then, extending the
1DFEMD,15 the Hamiltonian for an exciton in this couple o
chains is given as
H5H11H21H int , ~7!
whereH1 andH2 are the exciton Hamiltonians for isolate
disordered linear chains given by the simple 1DFEMD.15,27













































wherez, N1 , h, andN2 represent the site indexes and t
total numbers of sites for chains 1 and 2, respectively.az
† and
ah represent creation and annihilation operators of an e
ton atz andh sites, respectively. Interchain exciton trans
energy,bzh , is given by the dipole-dipole interaction as
bzh5gzhd
3ur z2rhu23, ~9!
wheregzh represents the exciton transfer energy normali
for the distance between nearest neighbor sites in a lin
chain. To take into account disorder,gzh is given by the
same Gaussian distribution as that for intrachain exc
transfer energy in an isolated linear chain.15,27 One-exciton











in the site representation. With these one-exciton wave fu
tions, the high efficiency ofx-x annihilation is discussed in
the following.
Figures 6 and 7 shows examples of the lowest 27 w
functions which belong, respectively, to a couple of non
teracting chains and to a couple of interacting chains. For
FIG. 6. Example of the lowest 27 exciton wave functions in
couple of noninteracting chains. The wave functions are displa
in the order in energy from the bottom~the lowest state! to the top










interacting chains, the distancex and the angleu are assumed
to be 0.7 nm andp/6, respectively. The crossing point
shown by two triangles in Fig. 7. All other parameters
specify the Hamiltonian~7! are exactly the same as those15
determined previously from the absorption spectrum a
K.36 For both Figs. 6 and 7, exactly the same sets of isola
chain HamiltoniansH1 andH2 are used.H int50 is assumed
for the noninteracting chains, while Eq.~8! is applied for the
interacting chains. Thus, the change of wave functions
easily examined by comparison. The lower state is displa
in the lower position. In both noninteracting and interacti
chains, all of these 27 states are the band edge states
level A.
Comparing Figs. 6 and 7, it is found that a state in no
interacting chains which has an appreciable amplitude n
the crossing point is modified35 due to the interchain exciton
transfer as follows.~1! The amplitude near the crossing poi
increases.~2! The state extends to the other chain.~3! The
energy of the state is lowered. As a result of these effects,
tendency appears in interacting chains that the overlap
wave functions occurs near the crossing point not o
among states in the same chain but also among state
different chains and that the lower states has the larger
plitude near the crossing point. This tendency holds true e
if we change the interaction parameters, the distancex and
the angleu, exceptu50. In the exceptional case of tw
d
FIG. 7. Example of the lowest 27 exciton wave functions in
couple of interacting chains. The wave functions are displayed
the order in energy from the bottom~the lowest state! to the top~the
27th lowest state!. Crossing points are taken atz5h5250 and are
shown by triangles on the abscissa. The angle and the dist



























































MAKOTO SHIMIZU et al. PHYSICAL REVIEW B 64 115417parallel chains, strong interaction occurs at any points in
ear chains, and the selection rule for the dipole transit
should appear.37 This case is beyond our assumption of e
tangled polymer chains. By virtue of the above tendency
seems probable that excitons generated in level A are
lected at the crossing point at low temperature. At low te
perature, because excitons are only scattered to the lo
states by phonon scattering, i.e., excitons can emit but ca
absorb phonons, the exciton density near the crossing p
will increase as the relaxation proceeds. The authors prop
that this local increase of the exciton density at the cross
point enhances the opportunity forx-x annihilation and that,
accordingly, the exciton diffusion constant seems abnorm
large if we superficially obey the formula. Exciton dynami
in the band edge states~the level A! is not governed by the
isotropic diffusion, but by the directional relaxation towa
the crossing points. Then, thex-x annihilation is enhanced a
the crossing point.
In PPV’s, Dogariuet al.4 measured the transient absor
tion of both films and dilute solution at room temperature
is found that thex-x annihilation occurs only in films, but no
in solution. They conclude thatx-x annihilation is aroused by
interchain exciton transfer and that excitons are delocali
over several chains. It is considered that, in PPV films, in
chain exciton transfer is so strong that the coherentvolumeof
excitons may be three dimensional4,37 rather than one dimen
sional, because the distance between two chains is know
be less than 0.4 nm.38 In PDHS films, however, the distanc
between two chains would be more than 0.7 nm due to l
side chains. As a result, interchain exciton transfer can
treated as a minor deviation from the isolated on
dimensional system.15,37 Therefore, the coherence leng
limited by conformal disorder and the perturbative interch
exciton transfer characterize the exciton dynamics in PD
films at low temperature. It is rather interesting that t
three-dimensional rate equation~3! reproduces the experi
mental results in PDHS films.
In J aggregates at room temperature, a largex-x annihi-
lation rate constant is reported,33 although the estimated
value strongly depends on the domain size assumed.
considered that, although there is anisotropy, excitons
propagate three dimensionally by virtue of the molecu
packing, which is rather close to theu50 case mentioned
above. Moreover, thermal energy far excesses very s
static disorder.34,39
As an evidence that the interaction strength is pertur
tively small in the above calculation, the densities of sta
for excitons without and with the interchain exciton trans
~8! are shown in Fig. 8 by dotted and solid lines, resp
tively. The interaction parameters are the same as those
Figs. 6 and 7. There is only negligible difference betwe
two densities of states. Therefore, it is justified that excito
in PDHS can be treated basically as in one-dimensio
chains. On the other hand, spatial extension of exciton
preferably modified by the interchain exciton transfer, as
scribed above. We note that the effect of the interchain e
ton transfer~8! is larger for the delocalized higher state
Several examples of wave functions at level B in the int







































strongly localized even without the interaction, the states
further extended to the other chain via the crossing po
Accordingly in real films, mid-band states may be deloc
ized like a network through crossing points. It is likely th
such delocalization lowers the threshold density for thex-x
scattering at level B between initially photogenerated ex
tons.
V. SUMMARY
We have measured the time response of PL intensity
PDHS films at 2 K with an excitation density up to 1.1
31019 excitons cm23. At the highest density, we found tha
FIG. 8. Normalized densities of states for a couple of interact
chains~a solid line! and for a couple of noninteracting chains~a
dotted line!. The same parameters are used in Figs. 6 and 7.
FIG. 9. Example of the exciton wave functions around 4 eV













EXCITON–EXCITON SCATTERING IN DISORDERED . . . PHYSICAL REVIEW B64 115417the rise time is 1.4 ps and that the decay time is 13 ps. T
rise time corresponds to the scattering time between initia
photogenerated excitons. Sublinear dependence of thex-x
scattering rate to the excitation density is discussed as du
the finiteness of exciton coherence length. The decay pro
is explained by thex-x annihilation with g25(1.060.5)
31028 cm3s21. In order to discuss the microscopic mech
nism for this largeg2, exciton transfer between differen



















relaxation toward the strongly interacting points betwe
polymer chains is proposed as the reason.
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